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ABSTRACT 

A secondary cell based on the copper(II)-(I) and 
copper (I)-(0) couples in acetonitrile has been constructed 
and studied. A cathode compartment consisting of a graphite 
Sheet sin contact with an “acetonitrile solution, of copper (17) 
perchlorate was separated by an anionic ion-exchange mem- 
brane from an anode compartment consisting of copper wire 
i contact with an acetonitrile solution of Ja thium ‘or 
sodium perchlorate. The discharge product at each elec- 
trode is copper(I) perchlorate. The cell has a practical 
voltage of 1.35 v, and is reversible; a test unit was 
carried through more than 45 charge and discharge cycles. 

The proposed system possesses voltage and current 
efficiencies comparable to those of commercial lead-acid 
and nickel-cadmium cells. Energy density of the experimental 
battery 1s low, primarily due to the weight Gf Structural 
components. However, the theoretical energy density of 
50 W-hr/lb is also low, about half that lead-acid and 
nickel-cadmium batteries, due to both the low voltage of 
the experimental cell and the high equivalent weight of 


Cut({Cc1o (262). Studies of battery performance indicate 


4) 2 
that cell performance diminishes considerably when the 
temperature is lowered from 25°C to -14°C. 


An anionic ion-exchange membrane was used to 


separate the anodic and cathodic compartments of the 
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battery. The membrane was found to be stable to the solvent, 
chemicals, and potentials used, and it effectively blocks 
transport of copper(II) species. A cell retained 88% of 


full charge after two months wet stand. 
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INTRODUCTION 


Batteries may be divided into two major types. 
The primary battery, of which the best example is the dry 
cell, is designed to be used once and discarded. The 
secondary battery, of which the best example is the lead- 
acid storage battery, may be recharged and therefore re- 
used. The chemical and physical requirements of the 
secondary battery are necessarily much more stringent 
than those of the primary battery. 

Much work is being done at the present time to 
develop new battery systems. Most of this work centers 
around oeenerae density systems that may be used as 
power sources in vehicles or for applications in space 
travel. However, relatively little work is being done 
towards the development of batteries that can function 
efficiently at low ambient temperatures. Such a system, 
if developed, could be used as a stationary power source 
for arctic and sub-arctic installations. It was with 
this eventual goal_in._ mind, and to learn more about the 
behaviour of the copper couples in acetonitrile, that 
the present work was conducted. 

An aqueous battery system is obviously unsuitable 
for ambient operation in the sub-zero temperatures commonly 


found in high latitudes. It is therefore necessary to 
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search for a non-aqueous solvent with desirable properties. 
Such a solvent should have a low freezing point, readily 
solvate 1onic%species, possess a low VLSCOST ty -tonpacr ptate 
ion transport, and be stable towards electrochemical 
oxidations or reductions. It should also be cheap and 
readily available. In Table I are listed some physical 
pEOperties of tour organic solvents. : It can be seen 

that acetonitrile (AN) satisfies many of the requirements 
given above. 

Acetonitrile is a polar Lewis base, and, 
although it solvates cations moderately well, it is a poor 
solvator of anions. Therefore, the salts of highest 
solubility are those having large symmetrical or polariz- 
able univalent anions such as perchlorate, in which the 
charge density on the anion is low. The stability of 
acetonitrile towards electrochemical oxidation or re- 
GuCELOM 1S °* quite high, The Soke sovaneieal range extends 
Pioveres2 V tO -3.l Vv versus the Ag/0.01 1) AgNO, electrode 
in acetonitrile. 

Methods Of pUritication for acetonitrile have 
been studied exhaustively by Coetzee. . The pure solvent 
takes up water readily, and special precautions are 
required to keep water concentrations below millimolar 
levels. The toxicity : is moderate due to slow hydrolysis 


in the body to cyanide, but is much lower than that of many 
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Physical Properties of Selected Solvents 4 


Acetonitrile 
(AN) 

Dielectric 364.0 
constant 
Boiling 82 
Pore. 
Melting =45 
Pome, e<C 

: 3 
Density, gm/cm On 71s 
Viscosity, cP O35 
Dipole moment, Dies 1 
Debye 

sagen -7 
SpeceLic 10 to 
conductivity, mee eames 
ohm? em7* 
Useful potential +2.2 to 


range =3.1V YS 
Ag/0.01 M AgNO, 


in AN 


Dimethyl- 
sulfoxide 
(DMSO) 


46.7 


189 


18 


Side 


il 


2x10 


0.87x10 


Propylene Dimethyl- 
carbonate formamide 
(PC) (DMF) 
69.0 50.7 
DAD ilbsyg) 
-40 -6 
te 2 06 0.944 
aaGat 0.80 
4.98 aoe 
iextor Lee Wok’ to 
eee erick 
+362 tO +1.4 to 
SAN aa 3550" Vou ve: 
+ 
Ag/0.01 M _-Hg/Hg,** (>?) 
AgNO, in nieae 
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other common organic solvents such as glacial acetic 
aced. Precautions should be taken, however, to minimize 
exposure to both the vapor and the liquid. 

the feasibilityv.otiucing acetonitrile as a 
solvent for a low-temperature battery has been inves- 


tigated. ? Dey “cells ot “the type 


Zn|AN,NH,SCN|Mno, ,C 


Dat 


have been studied, 2 and found to perform considerably 


beteer than a Conventvonal “DP dry cell tat--42°C." solonon 
developed a battery utilizing a calcium negative and a 
silver chloride positive in the solvent mixture aceto- 
nitrile-propionitrile that would function effectively at 
temperatures as low as -100°F. He does not, however, 
specify the electrolytes. 

The cell chosen for investigation in this work 


may be represented schematically as 


Cu|AN,MC1O,||Cu(Cl0,)5,AN|C, 
where M = ae Na’ 


The cathodic reaction is 


Eo =) +0. 679. vi vsestd) Agpedectrode — 
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and the anodic reaction is 


+ = 
Cue > Cu 4+ -e 


E° = +0.6044 v vs std Ag electrode = 


(as oxidation) 


The appreciable difference rin ‘the potentials of tthe two 
couples in acetonitrile compared to water is caused by 
theystrong solvation ‘of copper(I) relative to copper(I) 
by Sthis *solvent: 

For practical use of the cell described above, 
it is necessary to prevent migration of copper(II) to the 
anode where it will react with copper metal, resulting 
in self-discharge of the battery. An anionic ion-exchange 
membrane was therefore inserted between the anodic and 
GathoGdic compartments’ @Solutions of 10775¢M Liclo, and 
Gg oM Naclo, : in acetonitrile have both been found to 


possess a relatively high specific conductance of 3 x 10° 


ohm + em *; indicating that either would be suitable as 


2 


supportingvelectrolyte. Furtherptassocuationmofiaihese 
Saltslis*@notsgreat; sthesionepabr assocationtconstants 
being 4 for Liclo, andele fox NaGlOg.> The proposed 
system possesses the inherent simplicity that both anodic 
and cathodic discharge reactions produce the same product - 


a simplicity shared by the lead-acid battery. 
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acetonitrile have been investigated by several workers.ti-17 


Voltammetric studies at a platinum electrode indicate that 
the Cutt?) =-Cu(l) couple is) reversible, o3 Manahan,+4 
using radiotracer techniques, estimated a minimum value 


of the rate constant k for electron transtev-or 0.3 pt 


sect, assuming first order kinetics in botn cCu(ia) and 
Cu({i). In a chronopotentiometric study, Kowalski. and 
Lingane 7° found that electron exchange between copper(I) 
and hydrated copper(II) at a platinum electrode was 
quasireversible. Similar results were obtained by 
McDuffie 16 using thin-layer steady-state voltammetry. 
Biallozor es found that electrodeposition of copper on 
platinum from acetonitrile solution was irreversible, but 
with a relatively low overpotential. Table II gives the 
Standard potenetals at 25° of the Cu(il)—Cu(2) “and Cu(d)- 
Cu(0) couples, along with potentials of the silver couple 
under several conditions. 12 
Several discharge and recharge methods may be 
used to cycle a cell. a The best discharge method from 
the standpoint of convenience of instrumentation is dis- 
charge through a constant resistance. However, information 
on electrochemical behaviour is difficult to extract from 
discharge curves, since both current and voltage decay 


with time. Information may be more readily obtained from 


constant-current discharge curves. Recharge may also be 
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the Standard Silver Electrode in Acetonitrile 


++ 


(0.0100 M AgNO,) + e > Ag 


+ 
+ 


Table II 


Some Standard Potentials at 25°C Relative to 


Half-reaction 


= 


e 


~ > Ag (Hg) 


ee Na 


= Cu. Cac) 


2 


Ly VOLosS 
0,6 79207001 
0.087040 .0005 
0.000 
=. 253207001 
=0. 59422050005 


-0.6044+0.0005 
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accomplished by several methods - constant enurrent; 

stepped constant euxtent, exponential ‘current ,"constant 
potential, or some combination of these. Constant current 
charges are slow if the current is held sufficiently low 
that the battery “can*be fully charged.” A™stepped constant 
current “charge “is' faster’ “In this method fa "Pargée current 
is passed until a predetermined state of charge is reached, 
and charge is completed at a lower current level. Ex- 
ponential charge rates are fastest, but most difficult to 
instrument. They place a heavy strain on the charger, and 
can be used only on batteries that can tolerate heavy 
initial currents. Constant-potential charges are generally 
fast, DUG must usually be modified to Limit anitial curvent 
levels when applied to a fully discharged cell. This 
modification may readily be accomplished by inserting a 
series resistor between charger and battery. Because of 
ohmic drop across the resistor the voltage applied to the 
cell itself is not constant, but is lower at higher charging 
currents and approaches the voltage of the charging source 
asymtopically. Therefore, the term “controlled potential 
charge" should be used rather than the misleading expres- 
sion “constant-voltage charge". Discharge methods utilized 
in the present work were discharge through constant resis- 
tance and discharge at constant current. Recharge methods 


chosen included constant-current recharge, stepped constant- 
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current recharge, and controlled potential recharge. 

In the current investigation, a series of cells 
involving the copper(II)-(I) and copper(I)-(0) couples in 
acetonitrile were designed and constructed. Mechanical 
problems caused by leakage of acetonitrile, which. has a 
low viscosity and surface tension, required many modific- 
ations in cell design and in the materials of construction. 
Ultimately two cells were prepared that showed only slight 
leakage over a period of weeks, and most of the data re- 


ported here are based on measurements of these cells. 
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EXPERIMENTAL 


Purification of Acetonitrile 


Technical grade acetonitrile (Matheson, Coleman, 


3 


’ 


and Bell) was purified by method Dl described by Coetzee 
but with some modifications. The commercial product was 
stirred with CaH,, (Ventron). at asratio of 10 9/1. . Because 
no hydrogen evolution was observed, stirring was continued 
for only three hours instead of the two days recommended 


by, Coetzee.. Jo the decanted liguid P (British Drug 


4°10 
House) was added at a ratio of 5 g/l, and the mixture was 
diet lied inven sall-qlass still under high reflux ratio. 
Whe first §S25and last .20% sof -thesstill output were di s— 
carded. The resulting material was refluxed over CaH, 
(5.6/1). for ene Nour, then distilled slowly under a vhigh 
Gell uy oratuos . Again, the first 53 and last 20% of the 
still output were discarded. The collected product was 
placed in a tightly stoppered.glass bottle and transferred 
tou gary sbox wuntil uses,sAll flasks were oven dried at 
beastautwo hours at 110° before use. The water content of 


the solvent was checked by Karl Fischer titration. A 


Vornie= OL 5. x ee M was obtained. 


Other Reagents 


The Cu(C10,) 5° 4CH3CN used was the same lot as 


10 


, Aamalen seslagiy tininesies “9 _ oe 
* eepites> vd beatae to eee aw (ites ae 
aay Jn0boss tiadaigalens ai? anginal then emoe tow gud i 
spel .o\e Of to obist & 7a (neomaccer) sit asiw dexsiis ; hi | 
byvaiseey gow pibizi$e feviewio ew aniswlaves, ssgerbgt oa : 
bts pses ayeh owt eft ie uesseni sunt eosris vine wt | 
peed Meidiya) , 0,4 buuptt heinaceb aris of eet eas we 
caw seudxio art Gis ,fipie Ito biday «6 Fe fiabbe caw (sevot 
olgaz apiten did 2anm [lide aeefe-ife os tt boli ivalb —_ 
-alp siaw toapatte ‘heats bina %o #05 dant bea #2 taxkS ant 
gia? avo bovelios | eeu tntaodem gaitivesxs ed .Dabisp 
(gid & aoheu yvivole Setieteth forts , wtod oxo 203 (1p Fy) 
att te #00 4eel che 92 J2éTA) ots .tiops§ .citer Ketter 
aew foubesq Bodoetija eff .tebseseth exew Jeqsue rikse : : 
bewvetanety bie sitfou staly beteqqurs yltigis « ab Bovelg - = 
Si hath cred rite ORE LALA er fam xed yb 6 od | 
26 iatveds 290n~ ott sen yeRed “O1L 20. gawod ows tenet 
A .nolaeeti3 eet ee eee oe 


2 od 


used by Kratochvil and Senne 126 who reported a purity 
of 99.6% on the basis of analysis for copper by aqueous 
EDTAgttinations 

Naclo, (anhydrous, G. F. Smith) was dried under 
vacuum for 20 hours, then transferred to a dry box and 
used immediately. 

LiclO,*3H,0 (GeaFa Smith) ,»recrystallized from 
water and vacuum dried by R. A. Long, was heated to 80° 
under vacuum for one day, then to 100° for two more days. 
bi:jwasetransferred» to, a-dry box«andestoredrin astightly 
closed oven-dried reagent bottle until use. 

All other chemicals were reagent grade and were 
used as received. 

The supporting electrolyte and Cu(Cl0,). solutions 
were prepared in adry box. A triple-beam balance was 
used to weigh the reagents into a volumetric flask which 
was then filled to the mark with purified acetonitrile; 


The AgNO. for the reference electrode was weighed exter- 


3 
Galdyeon anvanalytical balance, thenrtransiernedetoeatdry 
box for dissolution. All glassware was oven-dried at 


110° before use. 


Apparatus 


Voltages were measured with a Heath EU-805 
Universal Digital Instrument (UDI) and an Orion Model 701 


Digital pH Meter. These units were separately calibrated 
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against a Leeds and Northrup 7554 Type K-4 potentiometer. 
The controlled-potential charge source was two Burgess #6 
Ie> V Heavy-Duty dry cells fconnectes in parallel. | A Leeds 
and Northrup Model 7960 Coulometric Analyzer was used for 
preliminary constant-current studies. However, because 
tits iistwument provides only two currents levels in the 
range OF “mnterest,. 6,43 matanc 64. 38ma, most of the miata 
on constant-current studies were obtained with a Sargent 
Model IV Coulometric Current Source. Current-time and 
voltage-time curves were recorded in either a Heath EUW- 
20A or an EU-20B chart recorder, both equipped with a 
Heath EU-20-26 Multi-Speed chart drive, or on a Sargent 
Model SR recorder. Current-time curves were integrated 
Wile an Okt iplanimeter. Control circuits were bread. 
boarded using a Heath EU-801A Analog-Digital Designer 
(ADD). 

A block diagram Gt the Senior: for cycling 
by controlled potential charge and discharge through a 
Gonstant resistance is shown in Figure la. The circuitry 
in the Heath ADD is described in the Appendix. It may be 
considered here as an on-off charge-discharge switch. 
In this: arrangement, the cell is discharged through a 
constant resistance. As explained earlier, the term 
"Controlled potential charge" is used here to describe a 


constant voltage source with a resistor in series with 
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Figure la. Experimental Arrangement for Controlled’ 
Potential Charge and Discharge Through 
Constant Resistance. 
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Figure lb. Experimental Arrangement for Constant 
Current Charge and Discharge. 
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the output. The recorder provides a continuous record of 
Charge or discharge current against time. 

Figure lb shows the arrangement for constant 
current charge and discharge. The control circuitry in 
the Heath ADD for this system is also described in the 
Appendix. The overall cell potential is monitored by both 
the Heath UDI and Heath EUW-20A recorder, while the Orion 
701 and Heath EU-20B recorder provide a record of reference 
electrode potential with respect to the grounded negative 
terminal. A shielded cable was necessary to connect the 
reference electrode to the Orion to minimize noise pickup. 
The Heath EU-20B recorder possesses a floating input, since 
grounding either of the recorder output terminals of the 


Orion in this configurationadrives it off scale. 


Overall Battery Construction 

A diagram of the anodic and cathodic sections of 
the experimental battery is shown in Figure 2. The case 
was constructed from two identical 10 cm by 10 cm blocks 
of 1/2 in. (1.27 cm) polyethylene. An 8 cm by 8 cm 
cavity was milled to a depth of 1 cm in each block. An 
8 cm by 8 cm piece of T/erin. atl. 32cm) gore /4 sin. (0.63 
cm) graphite sheet was press-fitted into one cavity to 
serve as a cathode. External electrical contact with 
the graphite was made through a platinum wire press- 
fitted into a hole drilled through the case into the 


graphite. Tapered polyethylene tubes tapped with septum 
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caps were sealed into holes drilled into an edge of the 
chamber to provide filling ports. A 5 cm by 5 cm grid of 
1/8 in. (0.32 cm) silicone rubber was bonded to the 
graphite surfaces by a dot of silicone cement to provide 
a Spacer for the ion-exchange membrane. 

An anode, consisting of about fifty feet of 
0.032 in. diameter electrolytic copper wire wound on a 
polyethylene frame, was cemented into the anodic cavity 
of the case such that solution could freely contact both 
sides of the electrode assembly. One end of the wire 
passed through a slightly undersize opening in the poly- 
ethylene wall to provide external electrical contact. 
Filling ports similar to those described for the cathodic 
section provided a means for addition or removal of 
solution’. 

In the assembled cell, a silicone rubber gasket 
was placed on each side of the membrane to provide a 
seal with the polyethylene casing. The gasket on the 
anodic side was bonded to a silicone rubber grid similar 
to cchat used on ‘the cathodic side. ~The cell was heid 
firmly together by twelve bolts spaced on the circumference. 
Solutions were injected through one of the two filling 
ports in the appropriate compartment with a syringe; a 
syringe needle inserted through the septum cap of the 


other port allowed air to escape. 
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Anode PESparacron 


Electrolytic wire (#20) was wound onto a prev- 
iously weighed polyethylene frame to form the anode. The 
weight of copper was obtained by difference, and the nominal 


surface area calculated by the relationship 


Aw 


jp = 
ap TAL, 
where Ww = weight of Cu(g) 
d = diameter of wire (cm) 


0 = density of Cu (g/em?) 
& = length of wire outside the anodic 


chamber (cm) 


Geometric surface areas of copper for the two cells were 
2 eds Andon ei 0e5) and 1.9) males copper): 

The surface of the copper was treated with con- 
centrated HCl for two minutes, then rinsed throughly with 
distilled water. The assembly was immediately vacuum 
drivedrovernight and placed in a dry box sforsiinal icell 
assembly. Visual inspection of the surface immediately 
beforercehlvassembly did not reveal any*treces of ausurface 
film of copper oxide. However, electrodes that were washed 
with technical grade acetonitrile before vacuum drying 
developed a shiny coating over their entire surface. 


Portions of the surface also appeared black or yellow, 


indicating formation of a surface film. 
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Cathode Preparation 


A different procedure was used for pretreatment 
of the cathode in each of the cells on which data are 
primarily based. For Cell 1, the graphite electrode, 
which had been used in earlier studies, was washed with 
distilled water and sanded lightly with emery paper before 
vacuum drying. It was later found that the graphite had 
adsorbed considerable amounts of copper salt during previous 
use. Therefore, the graphite electrode for Cell 2, which 
also had been used before, was immersed in boiling water 
for several days to extract adsorbed salts. Each electrode 
was dried under vacuum overnight and then transferred to 


a dry box for final assembly of the cell. 


Membrane Preparation 

Table III gives some properties of the Amfion 
A-60 anion exchange membrane used in this study Zar The 
membrane utilizes a polyethylene backbone containing quater- 
nary ammonium exchange sites. A sheet approximately one 
foot square was converted from the chloride form in which 
it was received to the perchlorate form by soaking in 
aqueous 1 M Naclo, for one Hour, then stored in a fresh 


bath of 1M NaclO, until use (several weeks). When a cell 


= 4 
was to be constructed, a portion about 12 cm by 12 cm was 
cut from the sheet and soaked in technical grade aceto- 


Micrile overnight. During this time, the lateral dimensions 
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Table, III 
Nominal Properties of Amfion A-60 


Anion Exchange Membrane 


Thickness, wet. (mils) 12 
Resistance, effective (0.6 N KCl), ohm=en- 6+2 
Permselectivity (0.5 N/1.0 N KCl), % 82+4 

Ion exchange capacity (dry), meg/g 15640.3 


Gel water (dry basis), % 2845 
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increased about 10% over the water-wet form, the thickness 
decreased, and the flexibility increased markedly. The 
membrane was then removed from the bath and cut to a final 
size or 10 cm by@l0 cm. Bolt holes’ were punched along 

the edges, after which the membrane was vacuum dried over- 
night and transferred to a dry box immediately before 


final assembly of the cell. 


Final Assembly 


Immediately upon introduction into the dry box, 
the membrane was soaked in purified acetonitrile. When 
it had expanded to maximum size, the cell components were 
bolted together and the cell compartments immediately 
filled with previously prepared acetonitrile solutions of 
copper(II) perchlorate on the cathode side and lithium or 


sodium perchlorate on the anode side. 


Reference Electrode 

The reference electrode assembly is shown in 
Figure 3. The reference couple was Ag-0.0100 M AgNO, in 
acetonitrile. The electrode was inserted into a Liclo, 
solution of the same concentration as the supporting 
electrolyte in the cell under study. Solution contact 
was effected through a Luggin capillary of 0.034 in. i.d. 
polyethylene tubing. A glass bead was inserted in the 


end of the tubing to minimize solution flow. 
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Ag Wire 


0.01IM AgNO in CH3CN 


O8M LiClO, in CH3CN 
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Reference Electrode Assembly. 
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The capillary was inserted through a septum cap 
and filling port of one cell compartment and down into the 
solution. Exact positioning of the capillary end could 
not be determined owing to the flexibility of the tubing 
and the opacity of the cell. However, the general 
location was arranged such that the capillary end was near 
the vertical centerline of the electrode and about 2 cm 


from the top of the solution to minimize edge effects. 


In Table IV are listed the initial characteristics 
of the two cells on which most of the data were taken. 
The actual capacity of Cell 1 is unknown because the 
graphite electrode contained adsorbed copper salts and 
because recovery of the solutions on disassembly was not 
quantitative. The uncertainty of the theoretical capacity 
of Cell 2 is based on estimates of the errors in measuring 
the volumes of solutions introduced into the cell. Leakage 
alsowresubtced in loss tot electrolyte, particularly on Cell 1, 
where introduction of more Naclo, solution to the*anodic 
compartment at the rate of about 5 ml/month was necessary. 
Because some cycles took as long as seven days for dis- 
charge and recharge, thorough testing required several 


months. 


watdes sift to ys bidixalt ott sa pals Ww od son c 
fernnep. oft (asvawst «1 foo eine ott Bas 

sean anv bee qatikges oft frr't done Dopdise-r row aotsavok 
mo § 4Qede bon Ghoxiools 34! 36 antitapd awe isa tasov eft 
-e2008I?s spha ostmintn of aoLtuias nit ic qos eff moxt 


ilu 26 santiegetieeg’. Letdtat 
asitelssisesado. In tttal is Gaderl ote VE aint at 

1eted oxew ef66 ‘oily qc desea istewede wllao oat of% Bo 
ate ‘sevessd cvontn a), { (16> to Videnqe> Leadoe edt ~ 

Gita, 2te a'r ateQya> fscrocie Sen lsinos-n6aaiiels ot bdqexe 

gon Sey Ylehtneeansb 6: anvlduior at! lo guevoos? eevsced 
(2toseqeo ftantiszoahg 44340. Waotevscan ett - avisesiiasup , 
vittzueeom ‘ni e¢1ot25. a3 90 eedemituo om heeed at & tre io ’ 
optics? .lLes eld oat hosebotint sacisufos Te asautov ed? : 
,f Sie we ¥ia8 losiasegy ser ylotisaly to, peo! wi begioged oats) ee 
7 


y 


athens att of nokoulor pet Fron 26 sabsoubousat ered 
~Yune@edon gee tifom\Im ¢ tuods Io sae dT te saantameedat 
~eib 16? ayod ASUSA 26 prot as Ace? seloys some eanense» y+ 
(exeewe boraupes preioees Apustody. ,dviddees bow spied 


) 


a3 


Table IV 


Initial Specifications of Celts 


Cell 1 Ceri 2 

Total copper metal in anode, 0393 Beas. 
moles 

Nominal anode surface area, 328 401 
cm? 

Electrolyte Naclo, Liclo, 

Initial electrolyte concen- 0.96 O.896 
tration, moles/l 

Initial volume of electrolyte, 50 ee 
ml 

initial electrolyte introduced, . 0:.4820.005 0: 0.04720,002 
moles 

Thickness of graphite 1/4 ian. 1/8, in- 
electrode (0.63 cm) (0.32 cm) 

Inkeial concentration of O56 0.366 
Cu(Cl0,) 5 in CH,CN, moles/1 

Total voluse of Cu(C10,). el. 41 
solution, im. 

Total Cu(C10,). introduced, 0.0048 * 0.025020.008 


moles 


(Table continued on next page) 
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Table IV continued 


Celis A: Cell 2 
Theoretical capacity, ma-hr Poa 402+20 
(based on 100% utilization 


of Cu(C10,) 5) 


* It was later found that the graphite electrode contained 


at least a further 0.005 mole of adsorbed copper salt. 


Sid aud al vTap od nad 3 
. Pa se gi a a sta png? 


irs 


fet 
: 
a 


isl 


RESULTS AND DISCUSSION 


Preliminary Investigations 

A number of preliminary investigations were con- 
ducted outside the dry box. Several cells were constructed 
utilizing technical grade acetonitrile, with anodes of 
copper sheet rather than electrolytic copper wire. Per- 
formance of these cells was unsatisfactory because of 
formation of an adherent black resistive film on the anode. 
Preliminary investigations also suggested that internal 
resistance was highly dependent on the surface area of the 
anode. Further, the anion exchange membranes showed severe 
yellow discoloration, probably from adsorption. of copper 
oxide and hydroxide species formed by reaction of the copper 
salts with water. Further work was therefore conducted in 
a any box,, utilizing. cells possessing @n anode of large 
surface area. Great care was taken to exclude water from 


these cells. 


Cell Performance Under Discharge Through Constant Resistance 
and Recharge at Controlled Potential 

Cell 1 was subjected to more than 45 cycles of 
discharge through constant resistance followed by recharge 
at a controlled potential. Most discharge cycles continued 


until the cell voltage under load dropped to 0.9 - 1.0 v. 
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Each discharge was followed by immediate recharge: until 
the charging current dropped to less than 0.5 ma, which 
was taken to indicate full charge. Figure 4 shows a dis- 
charge curve to extreme depth, while Figure 5 shows the 
immediately following recharge. Discharge voltage is 
directly proportional to discharge current through Ohm's 
Law. 

Figure 6 shows a plot of milliampere hours drawn 
on discharge against milliampere hours accepted on sub- 
sequent recharge for the first 11 icycles of Cell 1) each 
varying in depth of discharge. A charge efficiency of 100% 
would be indicated by a slope of unity and ansantercept of 
zero. A computer least-squares treatment of the data 
utilizing a program provided by G. Horlick yielded a slope 
Gfep-004 220.021 and an intercept fof 2.042 te2os2. wit 
must therefore be concluded that coulombic efficiency under 
conditions of discharge through constant load and controlled 
potential recharge is close to 10034 These data are  con-— 
Sistent withthe known reversibility of the copper (1i)=—({1) 
and copper(I)-(0) couples in acetonitrile. 

No degradation in performance of Celilgl was noted 
atter more than 45 cycles to varying depths. Instead, the 
available capacity increased. The second discharge, which 
was to extreme depth, yielded 180 ma-hr although the 


expected capacity was only 129 ma-hr based on the amount 
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Typical Controlled Potential Recharge Curve. 
Cell heavily polarized by discharge at 
commencement of recharge. 

Interval current 235, ma 


Charging voltage -— Ia Vv. 
Series resistance - 20 ohms. 


Piguce 5: 


80 


—_ : 


on, 


= 


180 


160 


N 
S 


Charge (ma- hr) 
3 


40 


0 40 80 ari20 160 
Discharge (ma-hr} 


Figure 6. Least Square Fit of Total Charge vs. 
Immediately Preceding Discharge of Cell l. 
Discharge through constant resistance and 
controlled potential recharge. 
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of Cu(Cl0,), introduced at assembly. By the twenty-third 
cycle, which is shown in Figures 4 and 5, capacity had 
increased to 267 ma-hr. No further increase was observed 
upon subsequent cycling. 

Quantitative recovery of solutions upon dis- 
assembly of the cell after full recharge was not possible. 
However, analysis of the cathodic solution for total copper 
by reaction with iodide in aqueous solution and titration 


of liberated iodine with thiosulfate a7 


yielded a result 
ofai0r: 007 16 70% 0002. mole W presente inn spl uttone = Ad further 
0.0023 + 0.0001 mole was obtained by extraction of 
adsorbed salts from the graphite electrode, yielding a 
total recovery of 0.0094 + 0.002 mole copper. A recovery 
of a minimum .of 0.010 mole copper was expected on the 
basis of maximum discharge capacity obtained. 

The increase in the capacity of the cell might 
be attributed to formation of extra copper(I) species at 
themcathodey* and migration of | that®copper (@) through the 
membrane to the anodic compartment where it would be con- 
verted to copper(II) during recharge. Such a process 
requires both a mechanism for the production of the excess 
copper(I) and a driving force for its transfer across the 
anion-exchange membrane. However, the conversion of that 
copper(I) to copper(II) at the graphite electrode during 


recharge could be expected to appear ingavploteotirecharge 
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against discharge as a slope of greater than 1003, indicating 
low recharge current efficiency. A particularly marked 
effect should have been observed during the first recharge, 
Since discharge capacity increased 50% between the first 

and second cycles. However, such a trend was not observed, 
and Cell 2 did not exhibit a similar increase in capacity. 
Therefore, it was concluded that the observed increase in 

the cCapsecity of Cell, 1 was not.due to an electrochemical 


process but was caused by extra Cu(Clo adsorbed on the 


4)2 
grapnite electrode. “This. conclusion is esupported by the 
fact that 0.0023 mole of copper was extracted from the 


electrode after disassembly. 


ave cOnesbane Current 

Cell, 2 was cycled entirely by discharge at con- 
stant current and recharge at either constant current or 
stepped constant current. All discharges were.continued 
to complete discharge as indicated by a final voltage of 
0 v. Recharges were continued to a voltage of 1.600 v, 
which is just below a sharp rise in cell potential caused 
by the inability of available copper(I) species to support 
theseprelied current. On all recharges, -atter the Tiret 
termination of the recharge process, the cell was allowed 


to stand overnight to depolarize. Recharge was then con- 
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tinued, usually at a lower current level, until acceptance 
of only a small incremental charge at the lowest current 
level of 4.65 ma indicated complete charge. 

A plot of total recharge against immediately 
preceding discharge is shown in Figure 7 for 241 discharges 
of varying depths. A computer least-squares treatment of 
the data yielded a slope of 0.947 # 0.022 and an intercept 
Of O70) 264.554. These calculated parameters suggest a 
tendency for the cell to undercharge after lengthy drain, 
but to overcharge after brief drain. These data may be 
explained by the excessive polarization of the cell that 
occurs after a lengthy recharge. This polarization causes 
the voltage across the cell to rise prematurely, resulting 
in early termination of the recharge process. The difference 
is made up during brief recharges because reduced polar- 


ization then allows a relatively greater recharge. 


Three-electrode Studies 

All three-electrode studies were conducted on 
Calblievte A plotsot celipvoltace! against timesis*shownean 
fhe Upper curvesorePigure eestor al constant current dis- 
charge at 9.65 ma. On the same graph is shown a plot of 
the potential difference between cathode and reference 
electrode against time. The data were obtained with the 


capillary connection to the reference electrode immersed 
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Least Square Fit of Total Charge vs. Immediately 
Preceding Discharge of Cell 2. 


Constant Current Cycling. 
Dotted line represents 100% current efficiency. 
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Constant. Current Dasecharge of etla2t 


SSG) Thi 
policylinesrepresents Fay ae 
Dotted line is difference between cathode 


and reference potentials. 
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in the copper(II) solution of the cathode compartment. 
Therefore, the junction potential between the cathodic 
solution and the Liclo, solution sin@the “capillary is in 
cluded in the measurements. The plot reveals that most 
polarization occurred at the graphite electrode. Unfor- 
tunately, the formation of bubbles in the capillary created 
a resistancerthat made wt impossible ‘to jobtaiin “data for 
the Uys paws of the discharge. However, data at other 
levels: Indicated tthatwtherfinal isharp drop in kcell tpoten- 
tial was also primarily due to polarization at the cathode. 
In another discharge at the same current level, but with 
the capillary immersed in the anodic compartment, a plot 
of the potential difference between the anode and the 
reference electrode against time revealed a change of only 
O405Svvduring the tcourse of the dischargeae Kecharge 
behaviour also consistently showed that most polarization 
eceurred at “the ‘graphite telectrodé. 

The long shoulder of the discharge curve in 
Beogurecs,, whiecl is -alsotviciblemnm theidischarge-om-Cell | 
through constant resistance in Figure 4, did not always 
appedrivin other discharge cycles. | Preliminary ‘constant 
Cumrent micscharges! oficell ltdid mot exit “shoulder, 
although discharges through constant resistance did. 
Further investigation of the electrode processes at the 


graphite electrode is necessary to determine thei ‘reasons 
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for the erratic behaviour. Adsorption of substances on 
graphite electrodes often causes irreproducible behaviour, 
and the presence of traces of foreign substances may be 


responsible. 


Performance Versus Current Drain 


The performance of a practical cell depends 
upon the minimum voltage under load that it can exhibit 
before it is considered unuseable. Consumer Reports om. 
in testing dry-cell battery rechargers, considered that the 
Standard 1.5 volt dry cell was unuseable when its voltage 
under load had diminished to 0.65 volt. Figure 9 gives 
the practical discharge capacity in ma-hr that was obtained 
from Cell 2 at various current levels, the practical 
capacity being defined as the ma-hr obtained before the 
voltage under load fell to 0.65 v. Each point represents 
one discharge from full recharge at a given current? level. 
Although the reproducibility at lower current Levels was 
not good, the plot reveals a rapid drop of practical 
capacity as current drain increases. The data were 
obtained: under conditions of continuous discharge, so the 
demand placed upon the battery was considerable. Under 
conditions of intermittent current drain, with periods 
during which the cell was allowed time to recover, the 


practical capacity at higher current levels could he 
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expected to be greater than that observed here. 
The observed potential, Ee? of a battery 


under load may be represented as 


ose a Ra ite eu 


where Eoell represents the open-circuit voltage, I the 
current, R the internal resistance of.the cell at that 
current level, and yn the overpotential owing to concen- 
tration and activation polarization effects. Voltage- 
time curves at various current levels were extrapolated to 
zero time to minimize overpotential contributions, and the 
resulting voltage is plotted against current in Figure 10. 
Each point is the average of two discharge runs. A computer 
least-Squares treatment of the data yielded an intercept 
Of 2052 2 0.007 volts: and 4 Slope om 5e9) 270.15 gohms- 
The intercept yields the practical open-circuit 
voltage of the cell, 1:35 v. A theoretical jopengcircuit 
voltage cannot be calculated because the activity of 
copper(I) cannot be defined at "full" charge. Freshly 
constructed or freshly recharged cells exhibit potentials 
as high as 1.5 v owing to very low copper(I) activity at 
the electrode surfaces. The potential of these cells is 
not stable, however, but decreases upon standing. The 
highest observed potential, 1.50 v following controlled 


potential recharge of Cell 1 at 1.55 v charging potential, 
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decreased to 1.40 v after standing one houreand to71.36 Vv 
after standing four hours. Momentary discharge of a cell 
with an exceptionally high voltage drops the open-circuit 
voltage to about the practical level. 

The calculated “internal resistance of the cell 
is 5.1 ohms. This is in reasonable agreement with AC 
impedance measurements, which are illustrated in Figure 1l 
as a function of state of charge. Impedance should increase 
as the cell discharges as a result of buildup of solid 
Cuclo, on both electrode surfaces and as a result of a 
decrease in the concentration of copper(II) species in the 
cathode compartment. A general trend of this kind is 
evident in Figure 1l. However, the data were not re- 
producible, and there was often an upward or downward shift 
of impedance on standing of as much as one ohm. Impedance 
measurements at full charge are generally slightly lower 
then 5.1 ohms, but this difference is probably not ‘sig- 


nificant in view of the uncertainty of the values, 


Overall Cycling Performance 


Overall performance on repeated cycling appeared 
toube good. Utilizataon of electroactive material based 
on amounts of copper(II) present was as high as 96% on 
the first discharge of Cell 2, which was run at the lowest 


current level utilized in these studies, 4.65 ma. Later 
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discharges delivered only 65% to 69% of theoretical 
Capacity at low current levels. However, data are insuf- 
ficient to determine if this. reduction lin/totaledéeliverable 
capacity is a result of repeated cycling or due to the loss 
of «copper (IT), jsolution«by leakage. -eThe «totaledeliverable 
Capacity of Cell 1 decreased 12% after two months wet 
stand. Full recharge was accepted, indicating that reduc- 
tion in capacity was not’ a result of leakage. Wet stand 
performance thus indicates that cu** Tons dornoteaneadily 
pass through the anion-exchange membrane. This conclusion 
is supported by the observation that a considerable 
osmotic pressure head built up in the cathodic compartment 
of both cells, causing the anion-exchange membrane to dis- 
tend considerably. Leakage caused solution level to 
decrease only in the anodic compartment, whereas the 
cathodic compartment remained completely filled even if 

the anodic compartment went dry. The exclusion of Cu’ 

by the membrane could be expected to be greater than that 
of unipositive species because of the higher charge density 
on the divalent ion, and the only mechanism for self- 


discharge, is) thesmigration of icoppem(ih) especies! to the 


anode. 


Low-temperature Studies 


To obtain a measure of performance at temperatures 
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below ambient, cell 1 was placed in a vacuum desiccator 
containing indicating magnesium perchlorate as desiccant 
and removed from the dry box. External electrical contact 
was made through wires run through the vacuum takeoff and 
sealed with silicone cement. The cell and desiccator were 
then placed in a freezer at -5° and discharged through 
eonstant: load: 

Discharge performance was distinctly below that 
attainable at room temperature. Discharge through 120 
ohms to a final voltage of 0.9 v yielded only 56 ma-hr 
at -5°, whereas at least 120 ma-hr were attainable at room 
temperature. Because the %cell! capacity washancreasing 
during the time that studies were conducted, a quantitative 
comparison is not possible, However, discharge curves 
revealed a decrease in cell voltage under load of about 
0.075 volts/hour, corresponding to a decrease in current 
bevel*ot about? 0.6/59ma/hr. © This Aeeebuse was approx- 
imately linear, and was reversed upon removal of the cell 
from the freezer during the discharge. Behaviour during 
controlled-potential recharge at low temperature was also 
Signiticantily: below that-at- room’ temperatures’ Initzal 
recharge currents of about 4 ma dropped within two hours 
to less than 2.5 ma. Only qualitative comparison of these 
figures with those attainable at room temperature is pos- 


sible, since current under conditions of controlled- 
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potential recharge depends heavily on the state of dis- 
charge of the cell. However, recharge at -5° was pro- 
hibitively slow, and no recharges were completed at that 
temperature. More than 37 hours was required to recharge 
a total of 51 ma-hr. An earlier cycle at room temperature 
was recharged 56 ma-hr in 19 hours. Removal of the cell 
from the freezer during recharge caused the charging current 
to double. Low temperature studies of Cell 1 were discon- 
tinued when examination of the indicating dessicant 
revealed moisture pickup. 

An attempt was made to.conduct low-temperature 
studies on Cell 2 in the dry box by immersing the cell in 
a bath of dry ice-ethylene glycol at -14°. After a wait 
of seven hours to attain thermal equilibrium, a constant 
current discharge was conducted at a current level of 
4.825 ma. Three-electrode measurements were unsuccessful 
because the bridge solution in the capillary froze. However, 
the curve of cell voltage against time was similar in shape 
to those obtained during room temperature studies at low 
current levels. Deliverable capacity (to 0.65 volts) was 
94 ma-hr, compared with deliverable capacities of 356 and 
248 ma-hr at the same current level at room temperature. 
The decrease was probably mainly a result of mass-transport 
limitations due to increased viscosity of solutions. 


Plateau voltage, however, was 1.24 v compared with earlier 


7 ~ ares. | se nab 
epee a saeco en - 
. iy ee ape 
. 
a - 


Lies ats td. Davembd, setaodt db aby 
thetwe yakpinds ady Sieve, spsenlser - 
—onalb exea t Lis Io anibves mae weal ima 
nabietel paisealbn? od? to.celPedinexe aww bavats : : 
~quidhe, stétuian botaever | 

Sustisieanies-wol solbaqo Gi sten_<2b¥ tqmedda ak a _ i 
st Pfeo arte pcleywmamt yt xod yah, ode ad s itso no eothude” oo 
tars, 207A, OUR e Iooytt onmbyhisrest Yh bo, eed) a - 
lantence » .swihtdiliape damratd ins of ssagt gerenae: i 
to level tno 60a hetadines sau sguntinakh 2005502 | 7 
Lwieospount axe Zriehdivesam cbowuele-merd? - am S80q8 . _ 
-aevamtl |.exedt qunkitqas ad nh eotsaipe sebied eft sxumued) 
ajarie ab salieis see otts Senaepse syatiow Lino Sc evrwo, oz’ a 
wot tn astlvde <tytespqme? «got grit beninado modded) 
sow (RdEoY 20.0 0d) yltbaden Chinwetiied «.nkovial onqeeleD, - 7 
haw Ae 4c. eoksinngas Gtelanev ti eb :Aghe baxeqe®..24>aF AE Dy 
etyrnceqes! mous 46 Loyvel sawrado sine 4ds te sien OS 

“ctinLinatoa. Xe codeonepi hana an " | 


if 


ao 


45 


Man UeouOr ol, 2a) ard lola V7. obtained at room temperature at 
the same current level. Plateau voltages should decrease 
at low temperatures because of lower cell voltages and 
higher internal resistance. However, because low tem- 
perature discharges are not as deep as those at room tem- 
perature, concentration polarization is decreased. Im- 
pedance measurements at 1000 Hz indicated an internal 
resistance of about 20 ohms, four times the impedance 
measured at room temperature. 

Unfortunately, only one discharge could be con- 
ducted at -14°. As dry ice was lost through sublimation, 
the temperature of the bath began to rise and isolated 
areas of warmth appeared. When more dry ice was added to 


the bath, it remained on the top of the glycol slurry and 


chilled the cell, causing a sudden drop in observed voltage. 


Rerempts to force the dry ice to the bottom of the slurry 
resulted in breakage of the styrofoam container. Further 


attempts at low-temperature studies were not made. 


Observations on Disassembly of the Cells 

Disassembly of both Cell 1 and Celi 2 revealed 
thac» the copper metal did not redeposit ‘cleanly. A large 
number of loosely adherent nodules were present, many of 
which had fallen to the bottom of the compartment and thus 


eould no longer participate in the overall electrode 
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process. No dentritic growths were observed. Cell 1 did 
not have a spacer between the membrane and the anode, and 
the membrane exhibited streaks of discoloring coinciding 
with individual wires of the metal electrode. These pre- 
sumably resulted from the membrane being forced against 
the electrode by osmotic pressure. The membrane of Cell 2 
also revealed considerable distention to the anodic side, 
although the inclusion of a spacer between membrane and 
anode prevented physical contact and reduced discoloration. 
The originally colorless, translucent membranes of both 
cells revealed yellowish and yellowish-greenish discolor- 
ation similar to that observed on membranes used in 
preliminary cells. The copper electrode also showed dis- 
collonationy imdicating that’ water naa not been completely 
excluded. The graphite electrodes of both cells were quite 
clean, with only a few small, white cyrstals adhering to 
them. Solutions removed from the anode compartment of 
hoth. Celie ie and) Celli @iwerei clear. StHowever Wtthe solution 
from Cell 1 was blue-green, whereas the solution from 
€eliu2 jhad tnet tchangedtcolor from the Yoriginal blue: 

The solution removed from the cathodic compartment of 

Cell 1 was a dirty brown and contained many small particiles 
of copper metal. The cathodic compartment of Cell 2 had 
gone completely dry at the time of disassembly. These 


observations indicate that moisture pickup by Cell 1 was 
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much more serious than that by Cell 2. Much of this 
pickup probably occurred during the time that Cell 1 was 
out of the dry box undergoing the low temperature study. 
The results of analysis of anodic solutions from 
Cell 1 for copper content were given earlier. The solution 
from Cell 2 was analyzed for copper by aqueous EDTA tit- 
ration by the procedure of Kratochvil and Quirk ae ue) 
determine the ,amount of copper that had permeated into the 
graphite, an extraction procedure similar to that described 
earlier was used. The electrode was immersed for several 
dave linghot concentrated witric acid Solution... [he liquid 
was decanted and replaced with deionized water. This water 
was replaced several times. The resulting solutions were 
combined and concentrated by evaporation. Aliquots of the 
final solution were also analyzed by aqueous EDTA tit- 
Gation oie It was found that the solution obtained from 
the graphite electrode contained significant amounts of 
iron. Therefore, aliquots of this solution were adjusted 
fosol Gawith alinonia and filtered betore tinal adjustment 
fool 7.5 for titration. _A total of 0.0116 2 -070001 mole 
of copper was found, compared with 0.0150 + 0.008 mole 
introduced. The differential may be attributed partly to 
leakage during testing and partly to spillage during dis- 
assembly. Quantitative removal of solutions during dis- 


assembly was not possible. 
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Only 0.00045 + 0.00007 mole of copper(II) was 
extracted from the graphite electrode of Cell 2, compared 
with 0.00227 £ 0.00010 mole extracted from the graphite 
electrode of Cell 1. The amount Of copper saltuextracted 
from Cell 1 is also less than the amount that must have 
been originally present to explain the observed capacity. 
However, analysis of the solution removed from the cathodic 
compartment of Cell 1 revealed more free copper(II) than 
had been originally introduced. These data indicate that 
the graphite does not adsorb salts during immersion in 
acetonitrile, and that salts already present will be 
released into solution. 

Aliquots of the anodic solution of Cell 2 were 
evaporated to dryness and analyzed for chloride by Fajans 
titration. Restits dndicatéd less than 0.0005 mole Cl 
from a total amount of originally introduced clo, (as 


CixtE1o Of 0.0300 mole. This indicates that the per- 


4) 2 
chlorate anion is stable towards reduction to chloride 
under the conditions of charge and discharge used in this 
study. 

The poor quality of the copper metal deposited 
upon recharge is a drawback, because the loss of copper 
during plating limits the number of cycles to which the 


cell can be submitted. Provision of a large excess of 


copper metal in the cell upon construction would increase 
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the cycle life, but at the expense of added weight and cost. 
It is possible that plate characteristics would be improved 
if an AC component were superimposed on the DC charge. 

Such asymmetric charging methods have been found to increase 
physical plate characteristics in other celis £6. No data 
are available on the electrodeposition of copper from aceto- 
nitrile solution. It may be that agents could be added to 


the solution that would improve the deposition charac- 


tecisecrcs. 


Comparison with Other Batteries 
Jasinsky a has devised a figure of merit for a 


battery of the form 


My ? On Frey ks 
where 
Ps observed energy density (W-hr/1b) 
Qo = theoretical energy density (W-hr/1b) 
ey = current efficiency 
a voltage efficiency 
K, = weight efficiency 
Qo and K, are constants for a given battery, and are 


defined by 
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however, be readily 
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theeretreal Paradatc.Gapacity oF 
batteryeassumingel00s ntidizacron ot 
the limiting electroactive component 
(A-hr) 

open-circuit voltage of battery (volts) 
weight of redox couples (1b) 

total iweight ot “battery “including 


solvent, case, separators, etc. (1b) 


density M., and the current and voltage 
and EY are dependent upon the size of 
rate and depth of discharge. They may, 


calculated for a given discharge at 


constant current utilizing the relationships 
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where 
I = current level (amp) 
T = discharge time (hr) 
E = observed voltage (v) 
In Table V are presented data for three com- 
mercial batteries at room temperature Zpa Aleor presented 


are data at room temperature and at -14° for the copper- 
acetonitrile battery studied here. Data for the commer- 
cial systems are for deep discharge at a 20 hr rate. Data 
for the experimental system at room temperature are 
averages obtained from two discharges at 9.65 ma to 0.65 
volts (19 hr). Data for the experimental system at -14° 
are based on one discharge at 4.825 ma to 0.65 volts 
(Lo .sehnr). A value of 1.35 volts was weed) for Eo of the 
experimental cell, and On is based on copper and pure 
Cu(Cl0,)5, rather than the tetrakis-acetonitrile product. 
The experimental system has a very low energy 
density, primarily because of the low weight efficiency K,. 
A commercial cell could be expected to possess a much 
higher weight efficiency. Comparison with the commercial 
systems listed indicates that a K, of 0.4 might be attain- 
able. The observed energy density would then be increased 
to 8 W-hr/lb at room temperature, even with no improvement 
Li cor EL. However, an energy density comparable even 


with that of the conventional lead-acid cell at room 
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Table V 


Battery BEficirencies 


Battery Ey a K, M oe 
(W-hr/lb) (W-hr/1lb) 
Pb/PbO,, 0235 10296 0.41 14.7 i142 
Ca/NiO OF 39% 02925970529 15 LO7 
Zn/Ag.O OF Se One OO mm. ao 66.1 254 
Cu/Cu(ClO,) 5, 2S OG 0485" O.. OD O22 50 


Cu/Cu(ClO,) 5, =A 0.245 (028600. OLE OneieL 50 
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temperature seems unattainable, owing to the low 2p. of the 
experimental system. This low theoretical energy density 


is due to the high equivalent weight of Cu(Clo 202, 


4)2" 
and to the relatively low voltage produced by the cell, 


Lea’ Woe 

Data at -14° indicate that the practical energy 
density of the experimental system is about half that at 
room temperature. . The decrease may be, attributed to the 


reduction in current efficiency € Neither the lead-acid 


Te 
nor the, nackel_cadmium,.celi~exhibits»such asmarked,drepian 
energy density when temperature is decreased to -14° KS 

The performance of the experimental battery is discouraging 


in this respect. 


Summary 
A secondary cell consisting of the copper (II) -(1I) 
and (I)-(0) couples in acetonitrile is reversible, and is 


capable of repeated cycling. Reproducibility is not great, 
although the studies were complicated by mechanical dif- 
ficulties, especially leakage of solutions. Polarization 
at the graphite cathode is appreciable, although overall 
voltage efficiency is reasonably high. 

Low-temperature studies were complicated by 
aifficulties with water contamination outside the dry box, 


and with temperature control within the dry box. However, 
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they indicate that cell performance is appreciably dimin- 
ished at lower temperatures. The use of an anionic ion- 
exchange membrane as a separator provides low resistance 
to current flow. “It is stable to the solvent, chemicals, 
and potentials used, and effectively blocks transport of 
copper(II) species. Electrodeposited copper metal is 
loosely adherent under the conditions used, and is poor 

in quality. The energy density of the experimental system 
is low, primarily due to the weight of structural com- 
ponents such as case and bolts. However, the relatively 
low cell voltage and the high equivalent weight of the 
copper(II) perchlorate limit the maximum attainable energy 


density. 
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APPENDIX 


Sircuvery. 

The circuit used for controlled-potential 
charging and discharging through constant resistance of 
the cell ss-shown-in4Pigure=i25 The circuit is drawn in 
LteS. rest state, that isy\witth=no signal present at the 
(COj Sor ewanyror-the relays, =" In} this condition, Sy is 
open and the cell is not connected to the charge-discharge 
circuitry. This feature prevents unrecorded charging or 
discharging in case of power interruption. When Sy is 
closed; a +l1.5 wollte. charging potential ts applied to tie 
positive cell terminal and through the series resistance 
R, (normally 20 ohms) to ground. Rg provides negative 
feedback ,on charging to limit the initial current inte va 
heavily discharged cell. Because of the voltage drop 
across ee the voltage applied across the cell is ata 
minimum at the beginning of the charge cycle and increases 
as the state of charge increases and charging current 
decreases. 

In the discharge mode, a logical 1 is present 
atvume © outputtor the flipstlop (FF). Sigesseclosces reimys 


Se ca rough, <s and the discharge path is through the series 


Z ane 
combination of Ry (generally 100 ohms) and R,- During 


both charge and discharge, the current flow through Re 
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is in the same direction. Connection of a recorder 

across Re provides a record of current vs. time. Since 
the load on discharge is constant, by Ohm's Law the dis- 
charge current at any time is directly proportional to the 
voltage. The negative cell terminal is grounded on dis- 
charge, but not on charge. Therefore, direct measurements 
of cell potential during charge must be made with a volt- 
Netter that will accept a floating input. 

Digital circuitry of the type employed here 
provides a means of automatic switching back and forth 
between charge and discharge. Forswitching to occur, a 
logical 1 must be present both from A("cell") and from 
B("auto") to unlock the gate. A and B are both panel 
switches that have been provided with bounce eliminators 
to prevent spurious pulses from appearing at the gate 
output. The comparator is an analog-to-digital converter 
that seprovides aclogical: lit the veieeae present at the 
np. (Lrom S,) is greater than the reference voltage 
(from Sc). Separate variable resistances allow adjustment 
of charge and discharge reference levels. On charge, the 
comparator monitors the IR drop across Ro: When this 
falls beneath the reference level, the comparator output 
goes from 1 to 0; this change is inverted and presented 
to the gate. Since all other gate input levels are 1; a 


1 + 0 transition appears at the gate output and toggles 
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both the flip-flop (FF) and the lock monostable. Toggling 


the tlip-tlop causes S.. through S- to change te discharge 


2 5 
mode. The lock monostable provides a momentary O at the 
gate input, thus locking the output at 1 and preventing 
Spurious pulses from the comparator from appearing at the 
Elip-tlop input. Similarly, during discharge the overall 
cell potential is monitored. When it drops below the dis- 
charge reference level a 1 > 0 transition again occurs at 
the gate output and the circuit cycles back to charges If 
automatic cycling is not desired, switch B("auto") is set 
to 0 and the operation must be terminated manually. Push 
buttons PB1l and PB2 provide momentary 0's to manually set 
taardecar discharge mode. 

Figure 13 is a diagram of the circuit for sémi- 
automatic constant current charge-discharge cycling of the 
cell. With no signal present at the coil of any of the 
relays, Sy is open and the cell is not connected to the 
coulometer ("coul"). The potential across the cell is 
monitored by the recorder through the voltage divider 
provided by the; 90K) two 4.7K, and 1K fmxed resistorsy = The 
yreststors are fhosensso; that the recorder monitors approx- 
imatedyo/L00-of—thescell voltage. Final trim 1S adjusted 
with the 1K variable resistance. When a logical 1 is 
present at C("cell") and the flip-flop is set by a ‘momen- 


tary O at PB1, S, is closed and current is switched from 
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the dummy cell resistor to the cell. With S, and S4 

open as shown, the coulometer acts as a current sink and 
the cell discharges. When S. and S, are closed, the 
coulometer leads are reversed and the cell eee The 
digitalelogic provides an automatic shut-off facility 

when a logical 1 is present at A("auto"). The comparator 
provides a logical 1 when the cell voltage is less than 
the reference voltage. Gates 1, 2, 3, and 4 operate as an 
EXCLUSIVE-OR when A is 1; if A is 0, the output gate is 
locked in the 1 state. 

During charge (B = 1) the cell voltage is 
normally less than the charge reference voltage and the 
output of Gate 4 is a logical 1. When the cell voltage 
becomes greater than the charge reference voltage, the 
comparator output undergoes a 0 + 1 transition. The out- 
put of Gate 4 therefore undergoes a 1 > 0 transition, 
Which toggles the flip-flop. This or naeee a 0 at the an- 


put of Gate 5, allowing S. to open. and diverting the 


1 
current into the dummy cell. The connection of Q to J on 
the flip-flop inhibits any further toggling. Similarly, 
when the circuit is reset to the discharge mode (B = 0), 
al-+ 0 transition at the output of Gate 4 occurs when 
the cell voltage falls below the discharge reference 


level. This again causes diversion of current into the 


dummy cell. Although both the Leeds and Northrup and 
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Sargent coulometers have provision for external relay 
control, the circuit shown was more convenient since no 
special interfacing was needed. In practice, Patera 
shut-off was rarely used, but was included as a safety 
facility to ensure that the voltage across the cell did 
not exceed permissible limits. 


A more complete discussion of the individual 


circuit components may be found in Reference 30. 
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